Polyacrylonitrile (PAN)-derived carbon nanofiber mats were fabricated using electrospinning and further carbonization. Scanning electron microscopy (SEM), X-ray diffraction (XRD) and electrochemical characterization were used to investigate the effects of precursor concentration, thermal stabilization and carbonization temperature, addition of multi-walled carbon nanotubes (MWCNTs), activation of nitric acid and sulfuric acid on the morphologies, conductivity, flexibility and electrochemical properties of the fabricated carbon nanofiber mats. The results reveal that the carbon nanofiber mats with uniform fiber diameter of 200 nm and sheet resistance of 154 Ω/sq could be achieved with a PAN mass fraction of 12 wt% and a thermal stabilization and carbonization temperature of 270 • C and 900 • C, respectively. Due to the good conductivity and high strength of the MWCNTs, the sheet resistance of the carbon nanofiber mats decreases to around 60 Ω/sq by adding MWCNTs to precursor, and the mats exhibit excellent bend and fold flexibility. The electrochemical performance of the co-spun carbon nanofiber mats could be further improved by the activation treatment of acids, and the maximum specific capacitance of the carbon mat reaches 113.5 F/g at a current density of 0.1 mA/cm 2 in the case of 1:3 HNO 3 :H 2 SO 4 . The investigation provides a reference for improving the performance of spun carbon nanofiber mats, which can be used as the electrodes or current collectors to further load other active materials in the applications of energy storage devices.
Introduction
With the development of electronic products, the information industry and industrial manufacturing, the demands for energy have sharply increased in recent years. As a result, many energy conversion and storage devices, such as fuel cells, lithium batteries and supercapacitors, have emerged [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Generally, carbon materials such as carbon nanotubes, carbon fibers and graphene, owing to their large specific surface area, good conductivity and high stability, have been widely utilized as the electrodes or as the current collectors to further load other active materials [11] [12] [13] [14] [15] .
As is well known, the diameter of ultra-long fibers prepared using electrospinning technology can be expediently controlled from a few tens of nanometers to several dozens of micrometers [16] [17] [18] . Moreover, during the electrospinning process, various materials (metal nanoparticles, metal oxide or metallic salts) could be conveniently added into the spinning precursors to fabricate the composite materials for diverse applications [19] [20] [21] [22] [23] [24] [25] . Therefore, it is advantageous to construct carbon nanofibers with uniform diameter, excellent conductivity and self-supporting flexibility using the electrospinning technology, which can be utilized as the electrodes or current collectors for energy storage devices. For example, Ferraris et al. reported that lignin was blended with polyacrylonitrile (PAN) in different ratios and fabricated into carbon nanofiber electrodes by electrospinning followed by thermal stabilization, carbonization and subsequent activation by CO 2 of the carbonized mats. The coin cell supercapacitors employing these electrodes exhibit 128 F/g specific capacitance, 59 Wh/kg energy density and a 15 kW/kg power density when operated at 3.5 V using an ionic liquid electrolyte [26] . Yoon et al. fabricated freestanding and flexible MnO-decorated carbon nanofiber (CNF) composites as lithium-ion battery anode materials with an initial capacity of 1131 mAh/g and a retention capacity of 923 mAh/g after 90 charge-discharge cycles under a current rate of 123 mA/g [1] .
In order to apply the spun carbon nanofibers in the flexible energy storage devices with high performances, it is significant to further improve the mechanical, electrical and electrochemical properties of the carbon nanofibers. In this work, we aim to fabricate the spun carbon nanofiber mats followed by thermal stabilization, carbonization, toughening modification and activation to achieve the characteristics of high conductivity, good flexibility and large specific capacitance. The effects of the spinning polymer concentration, thermal stabilization and carbonization temperatures, addition of MWCNTs, as well as acid activation on the performances of the carbon nanofiber mats were carefully investigated.
Experimental Sections

Fabrication of Electrospun Carbon Nanofiber Mats
PAN nanofiber mats were fabricated by a typical electrospinning process at room temperature, as illustrated in Figure 1 . Firstly, 4.0-7.5 g PAN powders were dissolved into N,N-Dimethylformamide (DMF) solvent at 80 • C for 6 h to generate a slightly yellow solution with the PAN mass fraction of 8, 10, 12 and 15 wt%, respectively. Following this, the electrospun PAN nanofiber mats were collected using aluminum foil. Then, the carbon nanofiber mats were obtained by heating in a tubular furnace at 220-300 • C in air for a thermal stabilization process and at 800-1000 • C in nitrogen atmosphere for a carbonization process, respectively. The obtained carbon nanofiber mats were further activated by nitric acid and sulfuric acid to improve the electrochemical performances. Finally, by tuning the ratio of nitric acid and sulfuric acid, the carbon nanofiber mat with an optimized performance was achieved.
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Experimental Sections
Fabrication of Electrospun Carbon Nanofiber Mats
PAN nanofiber mats were fabricated by a typical electrospinning process at room temperature, as illustrated in Figure 1 . Firstly, 4.0-7.5 g PAN powders were dissolved into N,N-Dimethylformamide (DMF) solvent at 80 °C for 6 h to generate a slightly yellow solution with the PAN mass fraction of 8, 10, 12 and 15 wt%, respectively. Following this, the electrospun PAN nanofiber mats were collected using aluminum foil. Then, the carbon nanofiber mats were obtained by heating in a tubular furnace at 220-300 °C in air for a thermal stabilization process and at 800-1000 °C in nitrogen atmosphere for a carbonization process, respectively. The obtained carbon nanofiber mats were further activated by nitric acid and sulfuric acid to improve the electrochemical performances. Finally, by tuning the ratio of nitric acid and sulfuric acid, the carbon nanofiber mat with an optimized performance was achieved. 
Structure, Morphology and Electrochemical Characterization
The phase compositions of the nanofiber mats were characterized using an X-ray diffractometer (XRD, X'pert Pro MFD, Panalytical,Almelo, The Netherlands) with a Cu Kα radiation (λ = 0.154178 nm). The surface morphologies of the nanofiber mats were obtained from an optical microscope (JZ95MS-60, Powereach, Shanghai, China) and a field emission scanning electron microscope (FESEM, Zeiss Sigma 500, Oberkochen, Germany).
Electrochemical performances of the carbon nanofiber mats were evaluated in a three-electrode mode using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrical impedance spectroscopy (EIS) on the electrochemical workstation (CHI760E, CH Instruments Inc., Shanghai, China). 
The phase compositions of the nanofiber mats were characterized using an X-ray diffractometer (XRD, X'pert Pro MFD, Panalytical, Almelo, The Netherlands) with a Cu Kα radiation (λ = 0.154178 nm). The surface morphologies of the nanofiber mats were obtained from an optical microscope (JZ95MS-60, Powereach, Shanghai, China) and a field emission scanning electron microscope (FESEM, Zeiss Sigma 500, Oberkochen, Germany).
Electrochemical performances of the carbon nanofiber mats were evaluated in a three-electrode mode using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and electrical impedance spectroscopy (EIS) on the electrochemical workstation (CHI760E, CH Instruments Inc., Shanghai, China).
Results and Discussions
The overall fabrication process for PAN-derived electrospun carbon nanofiber mats is briefly illustrated in Figure 1 . PAN was selected as the spinning precursor due to its high carbon content and stable structure during the carbonization process. Generally, as a kind of current collecting material, a carbon nanofiber mat requires both self-supporting flexibility and excellent electrical conductivity. However, there is always a trade-off between flexibility and conductivity during the carbonization process. In order to improve the toughness of carbon nanofibers while maintaining its excellent conductivity, MWCNTs (XFNANO, Nanjing, China) were added into PAN precursor as supporting material. Furthermore, the electrochemical performances of the carbon nanofibers can be further improved by the activation of nitric acid and sulfuric acid. Their strong oxidation abilities not only produce more active groups on the surface but also acquire a rough nanofiber surface, which is beneficial for further deposition of other active materials. Figure 2 displays optical micrographs of the electrospun PAN nanofibers with PAN mass fraction of 8, 10, 12 and 15 wt%, respectively. It is difficult to form nanofibers with 8 wt% PAN due to a low polymer viscosity. As the mass fraction of PAN increases to 12 wt%, the continuous nanofibers with uniform diameters can be collected. In this work, the fiber yield is determined by the number ratio of fiber to particles in the same field of view. Compared to 15 wt% PAN, a higher yield of nanofibers is gained in the case of 12 wt% PAN. A higher concentration of PAN would cause polymer aggregation in some areas. Hence, the precursor concentration is one of the key factors in spinning continuous and uniform nanofibers. In the following investigation, we chose 12 wt% PAN as the spinning precursor.
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The nanofiber mats with 12 wt% PAN were heat-treated with a thermal stabilization temperature of 220, 250, 270 and 300 • C, and a carbonization temperature of 800 • C. The carbonized nanofiber mats were correspondingly named as samples C-1, C-2, C-3 and C-4, respectively. Their sheet resistances and average diameters are listed in Table 1 . Samples C-1 and C-2 present shrinking and a corrugated surface, indicating that the nanofibers are not stable enough to adapt to the stress release during the carbonization process at a low thermal stabilization temperature. With the thermal stabilization temperature elevated to 270 and 300 • C, the samples C-3 and C-4 show a deep black color and large, smooth surface. The carbonization temperature of the samples C-5 and C-6 is further increased to 900 and 1000 • C, while the thermal stabilization temperature is maintained at 270 • C. The sheet resistance of six samples is decreased from 665 to 116 Ω/sq. The conductivity enhancement is mainly attributed to the increase of carbonization temperature, leading to the relatively higher carbonization degree. However, with the increase of carbonization temperature and the reduction of other components except carbon in the nanofibers, the nanofiber structure would become fragile, resulting in poor flexibility (the flexibility of the nanofiber mats is determined by bending and folding the mats for several times), especially in the case of 1000 • C carbonization. Figure 3a-f display the SEM images of samples C-1, C-2, C-3, C-4 C-5 and C-6, respectively, demonstrating that the morphologies and average diameters of the obtained carbon nanofiber mats were distinctly influenced by the thermal stabilization and carbonization temperature. The fiber average diameters are determined by measuring the diameters of 30-50 fibers in the SEM images. Figure 3a shows that sample C-1 is composed of cross-linked nanofibers forming a three-dimensional porous carbon structure with pore size ranging from tens of nanometers to several micrometers. A magnified SEM image of sample C-1 is provided in Figure S1 contained in the supplementary. As the thermal stabilization temperature increased, the crosslinking phenomenon gradually disappeared. The average diameter of the carbon nanofibers is around 200 nm for samples C-2 and C-3, but 300 nm for sample C-4, as shown in Figure 3b Figure S2a -c contained in the supplementary. It is supposed that further reaction happens with a thermal stabilization temperature of 300 • C, leading to a decrease of structure stability, and the nanofibers might melt during the carbonization process. Thus, the average diameter of the carbon nanofibers increases from 200 to 300 nm. Figure 3e ,f shows that even if the carbonization temperature is elevated to 900 and 1000 • C, the average diameters of the carbon nanofibers for the samples C-5 and C-6 remain approximately 200 nm (higher magnification of SEM images are presented in Figure S3a ,b contained in the supplementary), demonstrating that the nanofiber diameter is mainly dependent on the thermal stabilization temperature. However, a higher carbonization temperature makes the nanofibers crack, as shown in Figure 3f .
Using the above analysis, with a thermal stabilization temperature of 270 • C and a carbonization temperature of 900 • C, the nanofibers show a uniform average diameter of around 200 nm, low resistance of 154 Ω/sq and good flexibility. Thus, these temperatures are regarded as the optimized experimental factors in the following investigation.
XRD patterns of the carbon nanofiber mats at various thermal stabilization and carbonization temperatures were obtained to elucidate the structures. Figure 4 suggests that there are two diffraction peaks located at 2θ = 16.2 • and 22.6 • in all patterns of the six samples, which respectively refers to the lateral packing of crystalline regions in PAN linear macromolecules and the conjugated ladder polymer structure along the chain axis [27] [28] [29] . The relative intensity ratios of 2θ = 16.2 • to 2θ = 22.6 • for the samples C-1, C-2, C-3, C-4, C-5 and C-6 are correspondingly 1.19, 1.06, 1.03, 1.09, 0.98 and 1.12, demonstrating that sample C-5 has the largest relative intensity ratio. When the nanofibers were carbonized at a certain temperature, the chemical structure was transformed, ascribed to chemical reactions such as cyclization, dehydrogenation, aromatization and oxidation, which could result in the formation of the conjugated ladder structure [27] . Thus, sample C-5 exhibits the most stable structure among the six samples. Furthermore, a weak and wide peak can be observed at 42.7 • , corresponding to (100) reflections of carbon materials, which generally appears in the carbon nanofibers with a carbonization temperature over 1000 • C [29] . Thus, the result indicates that the spun nanofibers are more likely to be completely carbonized at a relatively low carbonization temperature as undergoing a thermal stabilization process.
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Although the MWCNT addition can improve the mechanical flexibility and conductivity of the PAN-derived carbon nanofiber mat, the specific capacitance is reduced. Therefore, it is necessary to further increase the electrochemical performances using another activation treatment. The activation methods and treatment conditions are listed in Table 3 . Table 3 . Activation methods and treatment conditions of the PAN-derived carbon nanofiber mats.
Activating Agent Activation Method Treatment Time 20 wt% HNO3
Immersion with ultrasonic processing 6 h 1:3 HNO3:H2SO4 Immersion with ultrasonic processing Figure 7a shows that sample PMC-3 activated by 20 wt% HNO3 possesses a rough surface in several areas. After treating with 1:3 HNO3:H2SO4, the nanofibers reveal a rougher surface, as displayed in Figure 7b . Figure 7c shows that there are obvious cracks appearing on the nanofiber surfaces after the activation of 1:1 HNO3:H2SO4. Figure 7d ,e depict the CV curves at a scan rate of 5 mV/s and GCD curves at a current density of 0.1 mA/cm 2 of sample PMC-3 activated using various methods. Compared with the untreated sample PMC-3, the areas of CV curves are all improved after the activations, indicating that the activation treatment might increase the active groups on the surfaces of the carbon nanofiber mats to provide more active sites and promote charge By comparing with the CV curves of two samples, it can be seen that sample PMC-3 has a similar potential window as sample C-5 at a low scanning rate, as depicted in Figure 6d . The specific capacitance of sample PMC-3 is calculated to be 18.8 F/g from Figure 6e , which is smaller than that of sample C-5. However, the electrical conductivity of the carbon nanofibers is improved by adding the MWCNTs. The impedance spectrum of the sample PMC-3 shows that the internal resistance value is about 56 Ω, which also exhibits the semicircle with a smaller radius than that of sample C-5.
Although the MWCNT addition can improve the mechanical flexibility and conductivity of the PAN-derived carbon nanofiber mat, the specific capacitance is reduced. Therefore, it is necessary to further increase the electrochemical performances using another activation treatment. The activation methods and treatment conditions are listed in Table 3 . Figure 7a shows that sample PMC-3 activated by 20 wt% HNO 3 possesses a rough surface in several areas. After treating with 1:3 HNO 3 :H 2 SO 4 , the nanofibers reveal a rougher surface, as displayed in Figure 7b . Figure 7c shows that there are obvious cracks appearing on the nanofiber surfaces after the activation of 1:1 HNO 3 :H 2 SO 4 . Figure 7d ,e depict the CV curves at a scan rate of 5 mV/s and GCD curves at a current density of 0.1 mA/cm 2 of sample PMC-3 activated using various methods. Compared with the untreated sample PMC-3, the areas of CV curves are all improved after the activations, indicating that the activation treatment might increase the active groups on the surfaces of the carbon nanofiber mats to provide more active sites and promote charge adsorption and desorption. Resultantly, the electrochemical performances of the carbon nanofiber mats are improved. Calculated from GCD curves, a maximum specific capacitance of 113.5 F/g of the carbon nanofiber mat was obtained in the case of 1:3 HNO 3 :H 2 SO 4 . Therefore, the electrochemical performances of the carbon nanofiber mats can be further improved by choosing a suitable activation method.
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